Abstract
Introduction
Hard rock mining is divided into two major categories: surface mining and underground mining. Open pit mining as a form of surface mining is the most popular and economically efficient method when the ore is located close to the surface. Underground mining is suitable for deep deposits located in sensitive areas with high reclamation costs associated with open pit operation. Underground mining methods are higher risk and more complex than surface mining, and have higher mining costs (O'Sullivan & Newman 2015) . Table 1 shows a comparison of these two mining methods.
Table 1 Comparison of open pit mining and underground mining (O'Sullivan & Newman 2015)
optimisation of underground stope boundaries (Topal & Sens 2010) . The major reasons for the lack of research in stope layout optimisation include (Mirzaeian & Ataee-Pour 2011) :
 Generality: The existing underground mining methods are numerous; development of a general and common optimisation algorithm for all mining methods is difficult.
 Complexity: Due to various restrictions and conditions of underground mining optimisation; geological, geomechanical and economical modelling of these parameters are more complex.
 Acceptability: Computer programs have contributed to the automatic design of mining areas. However, traditional methods and practices have a greater adherence to general designs by software, especially in Iran.
Due to computational complexity and size of the problem, most of the proposed algorithms in this area work in two-dimensional (2D) space. Few computer packages have been developed to determine and optimise underground stope layout in three-dimensional (3D) space. In this paper, a computer program will be presented, named Stope Layout Optimizer 3D (SLO3D) based on a heuristic algorithm. It is written in the C# programming language. A step-by-step description of this program is outlined in this paper. This computer program has successfully been applied to determine the location of all stopes into an actual copper deposit.
Literature review
The existing algorithms for underground stope layout optimisation can be classified in two groups: level-oriented and field-oriented. The level-oriented algorithms such as dynamic programming (Riddle 1977) , branch and bound (Ovanic & Young 1999) , optimum limit integrated probable stope (OLIPS) algorithm (Jalali & Ataee-Pour 2004; Jalali et al. 2007a) ; mixed integer programming (Grieco & Dimitrakopoulos 2007) , Greedy (Jalali & Hosseini 2009) , and global optimisation for underground mining area (GOUMA) algorithm (Jalali et al. 2016) are applied on a level or panel. In contrast, in the field-oriented algorithms, the economic value of each block is considered as a constant value and the determination of underground mining limits takes place on the entire mining area before dividing the mining area into levels or panels. Floating stope method (Alford 1995) , maximum value neighbourhood (MVN) algorithm (AtaeePour 2000 (AtaeePour , 2005 , multiple pass floating stope process (Carwse 2001) , heuristic approaches (Topal & Sens 2010; Sandanayake et al. 2015a, b) , network flow method (Bai et al. 2013 (Bai et al. , 2014 and octree-division algorithm (Cheimanoff et al. 1989) were developed in this manner. Most of the previously proposed algorithms relied on simplification of a large and complex problem. For instance, a 3D problem was converted to a 2D problem. In the following sections, available computer programs for underground stope layout optimisation in 2D and 3D space are discussed. Table 2 shows the summary of the proposed computer programs in underground stope layout optimisation. Riddle (1977) proposed an algorithm based on dynamic programming that was an extension of 3D dynamic programming method for ultimate open pit optimisation that had been developed by Johnson and Sharp in 1971 (Johnson & Sharp 1971) . The algorithm was written in Fortran and implemented on hypothetical economical block models. This algorithm defines the stope boundaries for block caving operations. The major drawback of this algorithm is that it is only able to define stope boundaries in 2D space and optimality is not guaranteed in 3D space. Alford (1995) developed a floating stope method to determine stope boundaries for ore blocks within a resource block model. During the process of this algorithm a stope is floated with the entire block model with a specified origin and an increase in three-dimensional space. Based on this algorithm, Datamine software was presented by a company with the same name (Datamine 1995). The major problem of this method is producing overlapping stopes where some stopes share high-grade blocks (Alford et al. 2007 ).
Floating stope

Branch and bound
A mathematical programming technique was developed by Ovanic & Young (1999) . Mixed integer programming (MIP), in combination with piecewise linear function, optimise the origin and last location for mining for an entire row or mining panel. The MIP approach is applied with a special kind of variable named 'Special Ordered Sets Types 2' (SOS2) to determine an optimum mining limit. There are many programs to solve mathematical problems, especially branch and bound techniques including LINGO, MPS and GAMS/CPLEX packages.
Maximum value neighbourhood
Ataee-Pour (2000) introduced MVN as a heuristic approach based on stope/block and the order of neighbourhood that are restricted by the mine geometry constraints. Different sets of stopes are provided with different starting points for the algorithm which does not generate a mineable stope shape. Ataee-Pour (2000) developed a computer program named Stope Limit Optimizer (SLO) for stope limit optimisation in 3D space. Jalali et al. (2007b) developed the OLIPS algorithm based on the dynamic programming method. This algorithm complies with all technical and geometric constraints and provides mathematical proof. OLIPS has two major steps. At the first step, a conventional economic model of mining panel is constructed. Then, in the second step, the probable stope economic model and integrated probable stope economic model are derived from conventional model. Based on OLIPS algorithm, a computer program named Stope Boundary Optimizer (Jalali et al. 2007b ) was developed and validated by 2D hypothetical models.
OLIPS
Topal and Sens heuristic approach
Topal and Sens (2010) introduced a heuristic algorithm to optimise underground stope layout with different stope sizes and strategies in 3D space. During the optimisation, all stopes with specified height, width and length are generated based on their economic values in the MATLAB software. The major drawback of this approach is selecting stopes in descending order while removing overlapping stopes. Jalali et al. (2016) presented a new comprehensive algorithm called GOUMA. The value of underground mining area blocks vary with geometry and location of the panel or level. So the algorithm runs on a special model named 'Variable Value Economic Model' (VVEM). For easy use of this algorithm in large-scale problems, a computer program was written in C++ programming language named GOUMA-CP (Jalali et al. 2016) . Underground Mining Technology 2017, Sudbury, Canada
GOUMA
SLO3D computer program
In order to facilitate the implementation of a heuristic algorithm previously developed by Sandanayake et al. (2015a) with some strategies that have been added to the process of this algorithm, a user-friendly interface (UI) computer program was developed in C# and SQL-Server programming language named SLO3D. The main difference between this computer program and other programs and software tools is the kind of algorithm used. As shown in Figure 1 , this computer program has three main steps: block economic value (BEV) producer, stope generator and stope layout optimiser. After defining the block economic model using economic parameters in the first step, the algorithm generates all possible stopes in an economic block model considering the stope dimension in 3D space. After that, the algorithm generates a family of non-overlapping stopes over all possible stopes and selects the highest economic value as an optimal solution. For large and complex problems, to save solution time, three new probabilistic strategies have been added to this algorithm with stope layout optimisation performed in the third step. 
Block economic value
A grade block model with regularised dimension as the input file must be created in Microsoft Excel format before running the program. The input file structure consists of seven major columns, similar to a spreadsheet shown in Figure 2 ; including the coordinate of a regularised block (XC, YC and ZC), block dimension (XINC, YINC and ZINC), grade of a block (percent or gram per tonne), value of a block (BEV (USD)), density (tonne/m 3 ), total weight and metal weight of every block. After importing the input file by clicking on the specified button named 'Import Data', the user should import economic factors such as mining cost (C m ), processing cost (C p ), refining cost (R), metal price (P), grade (g), weight of a block (T) and recovery (Y). Then, with the cut-off grade defined, blocks below the cut-off grade are termed as waste blocks. After clicking on the 'Calculate BEV' button, the grade block model is converted to an economic model based on Equation 1 and the number of ore and waste blocks with consideration given to the cut-off grade all reported.
Figure 2 Input file structure before running program (Excel format)
Stope generation
In this step, all possible stopes with specified dimensions are generated based on the underground mining method and geotechnical stability parameters. By clicking on the 'Generate' button, the algorithm specifies the origin of the economic block model (i′ j′ k′). Then, assuming that the block increases in size increments in X, Y, and Z directions as stope dimension parameters, the last stope block (i′′ j′′ k′′) is determined. The constructed stope is floated through the economic model and all possible stopes are generated based on two conditions that are shown in Equations 2 and 3.
The ( 
Stope layout optimisation
In order to determine the optimum location of underground stopes, all possible sets of non-overlapping stopes are generated according to the algorithm shown in Figure 4 . For this purpose, all negative stopes generated in the previous step are removed and positive stopes imported to the algorithm. Two major null family of sets, S T and S O , are created. S T is all possible sets of non-overlapping stopes that are generated during the algorithm and S O is a unique derived set of S T . During the processing of the algorithm, each stope is compared with all stopes within any set of non-overlapping stopes (S P ). If the imported stope does not overlap with other stopes, all stopes are combined and a new set of non-overlapping stopes are created (S Pnew ). This process iterates until all positive stopes have participated in the algorithm. Finally, the high value of non-overlapping stope sets is selected as the optimum solution. In large and complex problems, the sets of non-overlapping stopes (S P ) are infinite. So the solution time increases exponentially. To overcome this problem, three strategies have been added to this algorithm. The first strategy is sorting of all sets (S T members) according to their economic value to the lowest value and selecting a percentage of the sorted collection. The major drawback of the first strategy is removing some stope sets with low economic value. In this strategy, the possibility of the combination of removed sets and other stopes to derive a set with a higher total value is discarded. Owing to this disadvantage, a second strategy with a probabilistic background was proposed.
 Selecting a percentage of S T members randomly and frequently.
 Selecting a percentage of S T members according to the descending number of stopes in each set.
As shown in Figure 1 , the user should define the percentage of selection in the case of using a specified strategy amongst three strategies. By clicking on 'Optimum Solution', the total economic value of the underground layout and stopes' IDs in the mining area is reported.
Application of SLO3D
Orebody modelling
To introduce the capability of the SLO3D program, it was applied on an actual copper deposit located in southeast Iran. The study deposit is a copper vein with a thickness of 20 m, a 400-m length in a longitudinal direction and reaching 100 m in the vertical direction (Table 3) . Datamine software was used to generate an orebody model and produced 6,400 blocks of which 2,259 are oreblocks according to the cut-off grade. All blocks are 5 × 5 × 5 m in size. All blocks were estimated according to exploration and information data. The output files retrieved from the Datamine software contain the block centre coordinate, density and average grade of each block and prepared as an input file for SLO3D. A horizontal section of the grade distribution for the entire block model is shown in Figure 5 . Economic parameter assumptions for converting the geological model to an economic model (BEV) are provided in Table 4 . The values of all blocks calculated were based on these assumptions. Consequently, the range of economic value variation was from USD -994,234 to 2,763,576. Table 4 Economic parameters for optimisation
Parameter Value
Mining (USD/tonne) 20
Processing cost (USD/tonne) 10
Refining cost (USD/tonne) 90
Copper price(USD/tonne) 6,500
Recovery (%) 90
Cut-off grade (%) 0.52 
Stope generation
The mining method in this orebody is longitudinal stoping -a similar method to the method of sublevel stoping. In longitudinal stoping the direction of mining is the same as sublevel stoping (along the strike of the orebody in a longitudinal direction). This method is designed for orebodies with a thickness in the range of circa 5-20 m (Tatiya 2005) . Determination of stope dimensions in these methods can, in most cases, be achieved by designing stopes with high vertical and short horizontal dimensions or stopes having short vertical and long horizontal dimensions (Villaescusa 2000) .
For this study, stope dimensions are considered as 50 × 20 × 25 m. As calculated by the computer program (SLO3D), 1,136 possible stopes were generated, of which 974 stopes had a positive value and 162 stopes had a negative value (Table 5 ). 
Stope layout optimisation
After generation of all possible stopes, stopes with negative economic value were removed and all positive stopes imported as the input file in order to produce all combinations of the combined non-overlapping stopes through the algorithm (Section 3.3). A unique set of non-overlapping stopes containing 29 stopes was selected as the optimum solution, with a value of USD 37.05 M. Table 6 shows the summary of the stope layout optimisation step. Stope ID, Stope Dimension in X, Y and Z direction (XINC, YINC and ZINC), Stope Grade (percent), Stope Economic Value (SEV), Total Weight, Metal Weight and identifier of origin and last block of each stope within the optimum limit are shown in Table 7 . 
Conclusion
The geometry of the mining area in an underground operation is one of the most important issues and maximises the economic value of a project. The complexity of underground mining methods has discouraged the development of computer programs and most of these computer programs do not guarantee the optimal layout, especially in 3D space. In this paper, a new computer program (SLO3D) developed to optimise stope layout according to economic factors, cut-off grade and specified stope dimension, has been presented. Also, for large and complex problems, three strategies that have been added to a heuristic algorithm in order to save solution time, were presented. The implementation of SLO3D was applied to an actual copper mine located in southeast Iran that resulted in an optimised layout with 29 stopes within the orebody with a value of USD 37.05 M.
